We present the results of ongoing characterization of Cadmium Zinc Telluride (CZT) semiconductors produced by Redlen Technologies. In particular we hope to determine their viability for future X-ray astronomy missions such as the High Energy X-ray Probe (HEX-P). The fully fabricated hybrid detectors consist of CZT crystals with a collecting area of 2 cm × 2 cm and thickness of 3 mm mounted on a custom pixelated ASIC originally designed for the Nuclear Spectroscopic Telescope Array (NuSTAR) mission, which launched in 2012. We present the results of inter-pixel conductance and leakage current tests as well as spectral characterization using an 241 Am source. Although further calibration and testing is necessary to determine the capabilities of these detectors, preliminary results indicate that Redlen CZT will be able to achieve spectral resolution and noise levels comparable to those of the CZT detectors currently in use aboard NuSTAR.
INTRODUCTION
Cadmium Zinc Telluride (CZT) detectors are used in a wide range of applications, and have been of particular utility to the astronomy and astrophysics community. The material is well-suited for detection of hard Xrays and gamma-rays thanks to the high atomic numbers of its constitutive elements.
1 Astronomical missions which have utilized CZT detectors include the Burst Alert Telescope (BAT) instrument on the Neil Gehrels Swift Observatory 2 , which makes use of a coded-aperture mask in combination with an array of CZT detectors in order to detect and localize gamma-ray bursts (GRBs) and the Cadmium-Zinc-Telluride Imager 3 (CZTI) on AstroSat .
prioritized, and material from a given vendor should be relatively consistent in quality in order to reduce the time and monetary costs of testing, calibrating, and ultimately flying detectors. In this paper, we present the initial results of our ongoing characterization of CZT detectors from Redlen Technologies. This paper may be considered a continuation of the work we presented in Pike et al. (2018) . 8 While those results were incomplete due to high electronic noise introduced during fabrication, the detectors presented here do not appear to be affected by the same problem.
DATA AND RESULTS
We have performed several tests using two Redlen CZT crystals (hereafter Redlen 1 and Redlen 2) with dimensions 2 cm × 2 cm × 3 mm, each attached to a NuSTAR ASIC via the same flip-chip bonding procedure which was used to produce the hybrids aboard NuSTAR. Below, we present the methods and results of these tests. We have measured the inter-pixel conductance (Section 2.1) and leakage current (Section 2.2) of both detectors, and we have conducted preliminary spectral characterization of the second detector, Redlen 2 (Section 2.3). In addition to presenting the results of these tests, we compare the results to similar measurements of detectors currently aboard NuSTAR. In order to compare the spectra measured by different detectors, we applied a simple pixel-by-pixel gain correction wherein we determined the position in channels of the 60 keV line emitted by a 241 Am source as measured by each pixel. Thus we are able to determine the eV/channel gain value for each pixel and convert measurements into units of energy. Rather than compare the Redlen hybrids to the fully calibrated NuSTAR hybrids, we apply the same method to both datasets in order to make a more reasonable comparison. Note that this is still not a perfect comparison, in part because the detectors have different thicknesses, and that further corrections are needed to determine whether Redlen detectors can achieve the same or better energy resolution as their NuSTAR counterparts. Redlen 1 (T = 23 Figure 1 . Results of inter-pixel conductance measurements for two Redlen hybrids and one flight hybrid. Due to the experimental setup, each hybrid produces two conductance scans: one in the vertical direction, shown in the top row, and one in the horizontal, shown in the bottom row. The conductance for both Redlen detectors is generally low, but a small region of Redlen 2 exhibits much higher conductance. It is currently unclear whether this is a property of the CZT material or a result of the fabrication process. 
Inter-pixel Conductance
An important property of CZT detectors is the extent to which the charge is shared across adjacent pixels. Charge-sharing results in more difficult calibration as well as loss of spectral resolution. As such, inter-pixel conductance should be minimized. Due to the design of the NuSTAR hybrid, we are unable to directly probe the conductance between any given pair of adjacent pixels. Instead, we can determine the conductance across a given pixel (i.e. between a pair of pixels separated by another pixel) in either the horizontal or vertical direction. Thus, we scan each row of pixels and determine the conductance across the pixels of that row. We then similarly scan each column. The result is two sets of conductance values for each pixel. We performed inter-pixel conductance scans for the two Redlen hybrids at room temperature (∼ 23
The Redlen hybrids exhibit low conductance between pixels in both the horizontal and vertical directions, as is shown in Figure 1 . The conductance of most pixels is of the order 10 −10 S, however there are pixels which exhibit higher conductance. In particular, Redlen 2 contains a region of ∼ 20 pixels which exhibit conductance an order of magnitude higher than the rest of the detector. Further measurements are necessary to determine whether this feature may be attributed to the Redlen CZT or to a flaw in the hybridization process. Nonetheless, Redlen 1 shows uniformity and low conductance which are very similar to those measured for the NuSTAR hybrid.
Leakage Current
We next investigated the leakage current of the Redlen hybrids. Leakage current is defined as the current through the detector which results from applying a bias voltage. We measured the leakage current through each pixel at several bias voltages between 100 V and 600 V, and operating temperatures between −10
• C and 23
• C. In Figure  2 we present results of the leakage current measurements at a bias voltage of 500 V and T = 5
• C. We find that the Redlen hybrids exhibit a lower mean leakage current than the flight hybrids at similar operating conditions. A lower leakage current is to be expected for a thicker detector, but the improvement by nearly a factor of 2 exceeds expectations for an increased thickness by a factor of 1.5. In addition, the leakage current is uniform across the Redlen hybrids. However the variance across pixels is larger than that of the flight hybrid, with standard deviations comparable to the mean. In contrast, the leakage current measured in the flight hybrids exhibits less spread with a standard deviation of around one third of the mean and around half of the standard deviation measured in the Redlen hybrids. In addition, we find that at high voltages (> 400 V), a small number of pixels begin to exhibit anomalously high leakage current (> 40 pA at 5
• C). While this increases the noise at high voltage, thanks to the design of the NuSTAR ASIC we are able to turn off individual pixels so that operation at high voltage is feasible. This allows us to benefit from improved energy resolution at high voltage while minimizing adverse effects.
Spectral Characterization
Finally, we have measured the spectrum of a 241 Am source using one of the Redlen hybrids (Redlen 2). A bias voltage of 500 V was applied across the detector, while a Temptronic Thermostream device was used to maintain an operating temperature of 5
• C. In order to determine the spectral resolution of the detectors, we determined the width of the 60 keV line for each hybrid after applying the channel-to-energy gain correction to each pixel. We have also applied identical corrections to an analogous dataset collected using a flight hybrid in order to compare to the Redlen hybrid.
The results of this experiment are shown in Figure 3 . We find that with the preliminary gain correction described in Section 1, a FWHM of around 1.2 keV at 60 keV (2%) is achieved with the Redlen hybrid. Although this is slightly worse than the FWHM of 1.0 keV achieved during a similar test with a NuSTAR hybrid, this is The top row of figures shows the gain corrected spectra. The 60 keV line has been fitted to a Gaussian, shown in green, to determine the width of the line as measured by each hybrid. The small line between 90 keV and 100 keV is due to an artificial pulse applied to the pixel at position (10, 10). The width of this line is an indication of the electronic noise. The bottom row of figures shows the pixel-by-pixel gain for each hybrid as determined by measuring the position of the 60 keV line by each pixel. Pixels shown in gray were either turned off during testing due to a high number of spurious events or did not produce a spectrum suitable for an accurate gain measurement. meant as a loose comparison rather than a final conclusion regarding the differences between these detectors. As such, this spectral resolution is a good indicator that the Redlen material can achieve similar measurement capabilities to those of the NuSTAR detectors. In order to fully characterize the spectral resolution, however, further corrections, such as depth-of-interaction and charge sharing corrections, should be applied.
In addition to the spectral resolution, the eV/channel values for each pixel are shown in Figure 3 . The gain properties are very similar to those of the NuSTAR hybrid, with values varying between 12 and 14 eV/channel. In addition to this, both the Redlen and NuSTAR hybrids show uniformity in their per-pixel gain values, with only slight gradients visible in the gain maps. It should be noted that a significant number of pixels (shown in gray in Figure 3) were either turned off during testing due to high noise or did not produce a spectrum which allowed for reasonable fitting of the 60 keV line and so do not have a corresponding gain measurement. The cause of both of these behaviors is still under investigation.
DISCUSSION AND CONCLUSIONS
We have performed several tests of the material properties and detector capabilities of two Redlen CZT detectors. By mating these detectors to custom pixelated NuSTAR ASICs, we are able to determine how the crystal properties vary from pixel to pixel, and we can compare to hybrids which are currently being used to collect scientific data aboard NuSTAR. Thus we can begin to probe the usefulness of Redlen CZT for future astronomical missions.
In measurements of inter-pixel conductivity, the Redlen material performs well in general, with conductivity comparable to that of the CZT detectors aboard NuSTAR. However, in one of the Redlen hybrids, we observe a region of high conductivity. It is still unclear whether this non-uniformity is due to the Redlen material or to other factors introduced during hybridization. Leakage current measurements provide a separate probe of crystal uniformity, under which the Redlen CZT performs well. There is little sign of non-uniformity across both Redlen detectors, and the mean leakage current is lower than that of the NuSTAR hybrids under similar conditions, due in part to the Redlen detectors' increased thickness. Finally, we have irradiated one of the Redlen detectors with a 241 Am source. We find that the eV/channel gain is uniform across the detector and that the spectral resolution is comparable to that achieved by NuSTAR hybrids under similar conditions.
Taking these results as a whole, we are able to conclude that the Redlen detectors which we have investigated exhibit spatial uniformity which is comparable to the NuSTAR detectors, with some exceptions such as a small region of high conductance. In addition, we can expect low noise and limited charge-sharing effects. The spectral resolution achieved in preliminary tests indicate that this is the case, as the resolution is not significantly worse than the thinner NuSTAR detectors. Finally, the spectral resolution will only improve upon more thorough calibration and corrections. Charge sharing effects can also be probed directly by measuring the proportion of events which are spread over multiple pixels. Although there remain open questions, our initial results suggest that Redlen CZT material may prove viable for use in future astronomical missions.
